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We propose to carry out Coulomb excitation of post-accelerated beams of 202,204Rn from the 
REX-ISOLDE facility. The aim of this study is to expand our understanding of nuclear shape 
coexistence, which has been increasingly well-established in the light mercury and lead nuclei 
to these very heavy nuclei. Such an extension will provide stringent tests of nuclear models of 
collectivity and shape coexistence in a previously-inaccessible heavy mass region.  REX-
ISOLDE is the only facility worldwide at the present time which can provide accelerated 





One of the remarkable properties of the atomic nucleus is its ability to minimize its energy by 
adopting different deformed nuclear shapes. In some cases, this can lead to competing 
minima very close together. The classic example of nuclear shape coexistence is found in the 
light lead nucleus, 186Pb, which was studied via the alpha decay of 190Po [1]. Here, the first 
three excited states were uniquely identified as having spin/parity 0+ and were associated with 
spherical, prolate- and oblate-deformed shapes. This phenomenon has been more widely 
tracked through the neutron-deficient lead, mercury and platinum isotopes, where the shape 
coexistence has been discussed in terms of intruder states based on proton particle-hole 
excitations across the Z=82 shell gap [2,3]. Experimentally, the coexisting structures have 
been fleshed out through studies of alpha decay and by tagging excited states with 
evaporation residues or, for the most neutron-deficient nuclei, through their characteristic 
alpha decay at the focal plane of a recoil separator. Establishing a level scheme may give 
circumstantial evidence in favour of a shape coexistence picture but a complete picture can 
only be obtained from a extraction of electromagnetic matrix elements. Lifetime 
measurements can be useful in this regard, but they are challenging to carry out given the 
weak population of the nuclei of interest. Moreover, they only allow extraction of transition  
matrix elements and not diagonal matrix elements which can allow the extraction of the sign 
of the nuclear deformation through the nuclear reorientation effect. The latter technique can 
be used in the case of Coulomb excitation at safe energies. Coulomb excitation with 
radioactive beams is a topic still in its infancy but very recent experiments at REX-ISOLDE 
have shown the clear benefits of this approach to study of shape coexistence in the light Hg 
nuclei [IS452] 
 
Similar particle-hole intruder states to those found in the light lead nuclei are also expected to  
be present in nuclei above the Z=82 closure, for example 4p2h and 6p2h configurations in the 
polonium and radon isotopes. Such phenomena have been most extensively investigated in 
the light polonium nuclei, where low-lying excited 0+ states have been observed following the 
alpha decay of 200,202Rn [4,5] and the beta decay of 200,202At [6,7]. Energy systematics and 
branching ratios have been used to interpret such states as intruders, which appear to mix 
with the spherical ground-state configurations in isotopes lighter than 200Po [8]. In addition, in-
beam gamma-ray studies of 196,198Po have found 22+ and 42+ states which have been 
associated with rotational bands built on top of the 0+ intruder states [8,9,10].  
 
A consistent picture of the onset of deformation around Z=82 would demand that similar 
shape coexistence be manifested in the light radon nuclei. Macroscopic-microscopic models 
have predicted that deformed ground-state shapes exist beyond 202Rn [11]. However a series 
of recoil-tagged measurements of excited states in the light radon isotopes [12,13] has shown 
that these predictions are not substantiated, with the ratio E(4+)/E(2+) being more typical of an 
anharmonic vibrator than a clearly defined rotational band even for 198Rn, the most neutron 
deficient case studied [14]. In a more recent study [15], candidates were found in 202,204Rn for 
deformed intruder states, which coexist with the spherical ground-state shape but this 
assignment can be no more than speculation given the absence of any detailed experimental 
information such as electromagnetic matrix elements. In many respects, there appear to be 
strong similarities between the structure of the light radon nuclei and the light Cd nuclei such 
as 112Cd and 114Cd.  The latter are often advanced as the classic examples of nuclear 
vibration but problems were first shown with this simplistic approach some years ago [16], 
and more recent measurements have reinforced this impression [17]. It is clear that the 
vibrational states are perturbed by the action of intruder states. Indeed, a particular puzzle is 
the fact that the E2 strength from excited 0+ states is mostly connected to the decay of the 
intruder 0+ state and not to the decay of the two-phonon 0+ state, which is anomalously weak. 
 
 
Fig 1: Low-lying level schemes for the neutron-deficient radon isotopes. Low spin, nonyrast states in 202Rn are 
shown in red. 
 
 
Fig 2: Systematics of the low-lying yrast states in (a) neutron deficient radon isotopes and (b) polonium isotopes, 
taken from Reference [14]. The states in different isotopes which are joined by a line in (a) are part of similar 




Coulomb excitation (Coulex) with radioactive beams has been shown to be a highly 
successful method for establishing the evolution of nuclear shape. Notable examples of this 
class of measurement include the Coulex of 74,76 Kr at SPIRAL [18] and 70Se at REX-ISOLDE 
[19]. In the latter case, it was possible to fix the sign of the spectroscopic quadrupole moment 
of the 2+ state in 70Se by comparison of Coulex yields with an earlier lifetime measurement, 
thereby showing that the nucleus likely has a weakly-deformed prolate shape near to the 
ground state [19]. Very recently, an extremely successful Coulex measurement has probed 
the oblate-prolate shape coexistence in the light mercury nuclei, 184,186,188Hg [IS452]. This 
data is now under analysis and may be combined with separate information on level lifetimes 
for these nuclei obtained in plunger RDM measurements at the University of Jyvaskyla. In this 
manner, both transitional and diagonal matrix elements can be extracted, and the sign of the 
nuclear deformation inferred for the first time. As well as being very successful in its own right, 
this experiment now holds open the possibility of examining shape evolution in even heavier 
nuclei and this capability is unique worldwide in terms of accelerated ISOL facilities. This 
proposal is intended to capitalize on these recent advances and expand our knowledge of 
shape coexistence to even heavier nuclei. At present, there is no direct information on 
collectivity in the light radon nuclei, other than that indirectly inferred from level energies. We 
therefore propose to study the shape coexistence phenomena in the light even-even radon 
isotopes, 202Rn and 204Rn in order to: 
 
- Obtain B(E2) values  
It should be possible to obtain an appreciation of the collectivity in the light Rn nuclei for the 
first time by extracting B(E2) values. This, in conjunction with the level energies, will give a 
first handle on the mixing between “vibrational” and “deformed” configurations. 
 
- Search for additional non-yrast states 
Coulex will preferentially excite states which are strongly coupled to the ground state and so 
forms an excellent tool for identifying non-yrast states particularly those associated with the 
presumed intruder band. In particular, we believe that it should be possible to identify the 0+ 
bandheads of the intruder bands in 202,204Rn, which is one of the key observables in favour of 
a shape coexistence picture. 
 
- Infer the sign of the nuclear deformation 
This would come from extracting diagonal matrix elements, which is likely to be difficult from 
this initial measurement, but could be deduced later following an independent lifetime 




The light radon nuclei are eminently accessible with the REX-ISOLDE facility. They are 
produced with good yields from Th primary targets and being noble gases they can be 
purified effectively using a plasma cooled transfer line. Isobaric purity without need for further 
stages such as laser ionization is a considerable advantage in any Coulomb excitation 
experiment. No difficulties are anticipated in accelerating such nuclei, indeed 208Pb has 
recently been accelerated as a preparatory step in the acceleration of the light Hg nuclei with 
REX-ISOLDE.  Moreover, calculations suggest that there is no issue with contaminating the 
machine with the decay products of either 202Rn or 204Rn. 
 
The maximum primary yield for 202Rn as measured using the PS Booster and a ThC target is 
9 X 105 ions/µC using a cooled plasma transfer line, while the best yield for 204Rn is 2 X 107 
ions/µC. 
 
Since there is no information on lifetimes in any of the light radon nuclei, we have fallen back 
on theoretical prescriptions and comparison with similar nuclei to estimate the likely Coulomb 
excitation yields and so these estimates may only be taken as indicative. The Grodzin’s 
prescription predicts from the 2+ level energy of 202Rn a value for B(E2) (0+ ->2+) =33 Wu. The 
layout of the levels is so similar to that of 112Cd that for the sake of argument, we have used 
the measured matrix elements from that nucleus for our Coulomb excitation yield estimations 
and ignored diagonal matrix elements in the first instance. These assumptions imply that we 
are considering the case where the interband mixing is similar to 112Cd but clearly, this is one 
of the key observables we wish to extract from our measurement.  
 
We have made an estimate of the Coulomb excitation yields using calculations with the code 
CLX. The standard MINIBALL-CD detector setup is envisaged: 8 triple-cluster Ge detectors 
and a CD detector covering the forward angular range of 16 to 53 degrees. The gamma-ray 
efficiency is expected to be around 7% for 1.3 MeV photons. Due to the energies of the 
gamma rays of interest, which are around 200-700 keV, it is most appropriate to use a 120Sn 
target for the Coulomb excitation so that the target and projectile excitations do not interfere. 
In this case, the maximum projectile scattering angle in the lab is around 36.4°.   This 
corresponds to the center of mass angular coverage of 44° to 168°.  In addition, as can be 
seen from figure 3, the target atoms detected in CD covering 32° to 53.3° can be 
distinguished from the projectile atoms.  
 
 























Fig 3: Kinematics for Coulomb excitation of 202Rn on 120Sn at 550 MeV 
 
We present estimated yields for 202Rn for Coulomb excitation at a centre-of-target energy of 
550 MeV, for a 2 mg/cm2 120Sn target in table 1. We have considered a beam current of  
2 X 104 /s on target for 202Rn which represents a 2 % efficiency for the transmission through 
the whole system. The excited 02+ state is presently unobserved and we have estimated an 
excitation energy for it of 800 keV. This is based on an interpretation of the candidate of the 
observed non-yrast 2+ and 4+ states as members of a deformed intruder band (see figure 1). 
Likewise, we have added in a possible 2+ two-phonon state (23+) at an energy very close to 
the 4+ state (1050 keV). 
 
 
State σ  (mb) γ-ray yields 
21+ 2.55 32000 
41+ 0.1 1200 
23+ 0.009 100 
02+ 0.22 2700 
22+ 0.019 2500 
42+ 0.00068 <10 
 
Table 1: Coulomb excitation yields for 202Rn calculated using the code CLX. Gamma ray 
yields are presented for 5-days running time. 
 
On the basis of the yield estimations presented in table 1, we propose that, given the relative 
primary yields, an appropriate beam time would be 2 days for 204Rn followed by 5 days for 
202Rn. Such a running period would allow sufficient statistics to be collected to examine the 
shape coexistence phenomenon in detail. Moreover, the estimated γ-ray yield for the 2+ state 
in 120Sn is around 300 counts. The statistical error inherent to normalization to the target 




It is intended that the present proposal form the first part of a programme of a complementary 
series of measurements in conjunction with the unique experimental facilities at the University 
of Jyvaskyla. This may include RDM measurements with a plunger to obtain independent 
lifetimes for the light Rn nuclei. This would then allow a full extraction of the diagonal matrix 
elements, allowing the sign of the deformation to be inferred. A second strand might envisage 
conversion electon studies either at ISOLDE or with the soon-to-be-constructed SAGE 
spectrometer in Jyvaskyla which will have the unique capacity for high efficiency electron-
gamma coincidence measurements. This might help us in fleshing out the properties of 
excited 0+ states and the E0 content of J->J transitions; the latter being very sensitive, in 
principle, to <δr2> - the radial differences between rotational configurations. Such 
measurements could also be pushed to even lighter Rn nuclei to find the point where the 
intruder configuration reaches its minimum. Unfortunately, alpha decay measurements 
appear to be at the limits of present experimental sensitivity and so it is unlikely that much can 
be learned from the alpha decay into the light Rn nuclei [20]. Measurements on the decay of 
the light Rn nuclei themselves, however, have been successful in pushing down as far as 
193,194Rn [21]. We also note that a whole series of hyperfine structure and isotopes shift 
measurements have been made on the light Rn nuclei [22], and we would seek to combine 
this information with the present results.  
 
It is a longer term ambition to push the Coulomb excitation measurements to even lighter Rn 
nuclei such as 200Rn. We should be better able to examine the viability of such a 
measurement once we know more about the outcome of the presently proposed 
measurements. Such an experiment, however, is likely to require the substantial upgrade in 
both energy and intensity foreseen for HIE-ISOLDE. We note also that similar behaviour 
might be expected in the light Radium nuclei  and this might form an extension of this present 
proposal. Here again, release of the radium ions may not be an issue but isobaric purity may 
be. It may be necessary to take a similar approach to that for strontium ions, namely break-up 




In conclusion, we request 7 days of beamtime, comprising an initial two days for 204Rn and 
subsequent 5 days for 202Rn. Changing from one beam to another should be a straightforward 
process. 
  
Beam Min. Intensity Target Ion Source Shifts 
202Rn 9 X 105/µC ThC Plasma cooled 15 
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